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Purpose: To describe SARS-CoV-2 infection outcome in unvaccinated children
and young adults with inborn errors of immunity (IEl) and to compare their specific
acute and long-term immune responses with a sex-, age-, and severity-matched
healthy population (HC).

Methods: Unvaccinated IEl patients up to 22 years old infected with SARS-CoV-2
were recruited along with a cohort of HC. SARS-CoV-2 serology and ELISpot were
performed in the acute phase of infection (up to 6 weeks) and at 3, 6, 9, and 12
months.

Results: Twenty-five |El patients (median age 14.3 years, min.-max. range 4.5-22.8;
15/25 males; syndromic combined immunodeficiencies: 48.0%, antibody
deficiencies: 16.0%) and 17 HC (median age 15.3 years, min.-max. range 5.4-
20.0; 6/17 males, 35.3%) were included. Pneumonia occurred in 4/25 IEl patients.
In the acute phase SARS-CoV-2 specific immunoglobulins were positive in all HC
but in only half of IEI in whom it could be measured (n=17/25): IgG* 58.8% (10/17)
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(p=0.009); IgM* 41.2% (7/17)(p<0.001); IgA™ 52.9% (9/17)(p=0.003). Quantitative
response (index) was also lower compared with HC: IgG IEI (3.1 + 4.4) vs. HC (3.5 +
1.5)(p=0.06); IgM IEI (1.9 + 2.4) vs. HC (3.9 + 2.4)(p=0.007); IgA IEI (3.3 + 4.7) vs. HC
(4.6 + 2.5)(p=0.04). ELISpots positivity was qualitatively lower in IEl vs. HC (S-
ELISpot IEIl: 3/11, 27.3% vs. HC: 10/11, 90.9%; p=0.008; N-ELISpot IEl: 3/9, 33.3% vs.
HC: 11/11, 100%; p=0.002) and also quantitatively lower (S-ELISpot IEl: mean index
32+50vs. HC 212 +17.0; p=0.001; N-ELISpot IEl: meanindex 9.3 + 16.6 vs. HC:
39.1 + 23.7; p=0.004). As for long term response, SARS-CoV-2-IgM* at 6 months
was qualitatively lower in IEI(3/8, 37.5% vs. 9/10 HC: 90.0%; p=0.043), and
quantitatively lower in all serologies I1gG, M, and A (IEl n=9, 1.1 + 0.9 vs. HC
n=10, 2.1 + 0.9, p=0.03; IEI n=9, 1.3 + 1.5 vs. HC n=10, 2.9 + 2.8, p=0.02; and IEI
n=9, 0.6 + 0.5 vs. HC n=10, 1.7 + 0.8, p=0.002 —respectively) but there were no
differences at remaining time points.

Conclusions: Our IEl pediatric cohort had a higher COVID-19 pneumonia rate
than the general age-range population, with lower humoral and cellular responses
in the acute phase (even lower compared to the reported IEl serological response
after SARS-CoV-2 vaccination), and weaker humoral responses at 6 months after
infection compared with HC.

KEYWORDS

SARS-CoV-2, COVID-19, primary immunodeficiency diseases, children, humoral
immunity, cellular immunity

GRAPHICAL ABSTRACT

ACUTE
4-6 weeks

LONG-TERM

6 months

% of positive specific SARS-CoV-2 immune responses

48% syndromic CID
24% IgRT

n=17
94.1% mild infection
Mean age 15.3yo

n=25
84% mild infection
Mean age 14.3yo

(IM*: 41.2%; TgA*: 52.9%) Positive ELISpot: (IgM*: 100%; IgA*: 100%) Positive ELISpot:
41.7% 92.3%

1gG*

(IgM*: 37.5%; TgA*: 37.5%) Positive ELISpot: (IgM*: 90%; IgA*: 80%) Positive ELISpot:
50% 87.5%

End follow-up: SARS-CoV-2 vaccination or reinfection
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1 Introduction

Since the declaration of the COVID-19 pandemic in March 2020
(1), several efforts have been made to define the risk factors associated
with SARS-CoV-2 infection and its severity. Older age remains the
main risk factor identified for severe COVID-19 (2, 3); accordingly,
the risk of hospitalization in children is low (4-7).

In healthy adult population there is generally a strong correlation
between humoral and cellular responses against SARS-CoV-2 after
natural infection: 96% of mild COVID-19 patients have positive
SARS-CoV-2 S-protein-IgG until 8 to 12 months after infection,
and memory CD4" and CD8" T-cells up to 12 months after infection
(8). Healthy children in the acute phase have similar positive IgG
antibody rates compared to adults, but with higher titer levels (9-11),
as well as an antibody neutralizing capability similar to that of adults,
up to 6-12 months after the infection (12). Nevertheless, other studies
suggest children have lower seroconversion rates in the acute phase
after infection (13, 14). Further, children develop a level of specific S-
protein-T-cells twice that of adults, up to 6-12 months after infection,
even when seronegative (12), whereas another group showed a low T-
cell response rate at 6-7 months after the infection (not compared
with adult population) (15).

Inborn errors of immunity (IEI) are a heterogeneous group of 485
disorders classified into 10 groups according to the immune
components involved (16). A recent report of over 1330 patients
with IEI reported so far shows that COVID-19 generally manifests
clinically at a younger age, runs a more protracted course, and has a
more severe outcome requiring hospitalization and/or ICU admission
in many individuals with IEI compared to the epidemiology of SARS-
CoV-2 infection in the general population (17). Although patients
with IET have had a heterogeneous clinical evolution during SARS-
CoV-2 pandemics (18), in general terms COVID-19 has been less
severe in children and young adults (19-21) compared to older IEI
patients. The classical groups of IEI reported as affected with severe
forms of SARS-CoV-2 infection have common variable
immunodeficiency (CVID) with immune dysregulation (22-24) and
combined immunodeficiency (25, 26), while surprisingly other IEI
have been described as protective (24, 27). Furthermore, the
pandemic has demonstrated that type I interferon (IFN-I)
immunity is pivotal for the control of SARS-CoV-2 infection,
through identification of anti-IFN-I-autoantibodies as well as
inborn errors of IFN-I immunity. Autoantibodies against type-I
IFN account for life-threatening COVID-19 in adults (2.6% of
women, 12.5% of men) (28), and subjects younger than 40 years-
old with positive anti-IFN-I autoantibodies have a COVID-19 index
fatality rate increase of 0.84% (29). IEI such as AIRE deficiency
confers a higher risk of critical COVID if there are pre-existing
anti-INF-I autoantibodies (30). Inborn errors of IFN-I immunity
account for about 10% of hospitalizations in children with COVID-19
pneumonia (31, 32), while X-linked TLR7 deficiency justifies 1% of
critical pneumonia in men under 60 years old (33). Hence, IEI
patients have been a focus of investigation to identify the pathways
conveying risk for severe COVID-19.

Both humoral and cellular immune responses to COVID-19
(mainly S- and N- peptides) during acute and long-term infection
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have been studied in healthy population to guide SARS-CoV-2
preventive management (34-36). Currently, there is little
knowledge regarding COVID-19 immune responses in IEI children
compared to healthy population, with only a single study published to
date (37). Moreover, there is great heterogeneity in study results since
several factors influence immune responses, such as age (9-12, 14),
sex (33), and COVID-19 severity (38-42), regardless of the type of IEI
(37, 43). Studying COVID-19 immune responses in IEI provides not
only insight into the vulnerability of reinfection in this population,
but also reveals the immune mechanisms that are relevant for SARS-
CoV-2 pathogenesis since IEI have dysfunctions in specific
immunologic pathways (16), offering an excellent opportunity to
develop therapeutic strategies (44).

The aim of this study was to describe COVID-19 clinical
outcomes in unvaccinated children and young adults with IEI and
their acute and long-term immune responses compared with a
healthy control population.

2 Materials and methods
2.1 Study design and participants

A prospective non-matched case-control study was conducted in
a single pediatric tertiary center that is an IEI referral center, in
Barcelona, Spain. Patients aged 0 to 22 years old under follow up in
the Unit due to IEI (according to the European Society for
Immunodeficiencies Criteria Registry Working Party (45) were
recruited when infected with SARS-CoV-2. A comparable age, sex,
and infection severity-matched healthy population of children and
young adults with COVID-19 was also recruited from the outpatient
pediatric Infectious Disease clinic. None of the participants had
previously been vaccinated against SARS-CoV-2, nor had they
suffered a proven SARS-CoV-2 infection before the inclusion.

Study design is detailed in Figure 1. Participants were recruited
from May 2020 to January 2022 (21 months), and followed up during
1 to 12 months after the infection. During the follow-up, if the patient
received the SARS-CoV-2 vaccination, suffered a second SARS-CoV-
2 infection, or refused to continue with the study, the follow-up
was interrupted.

All participants and/or their legal guardians signed the informed
consent. This study was approved by the ethics committee of our
institution (CEIm code PIC-60-20).

2.2 Definitions

2.2.1 SARS-CoV-2 infection

SARS-CoV-2 infection was defined by positive specific
nasopharyngeal and/or salivary antigen or PCR, and/or specific
SARS-CoV-2 serology (IgG, IgM and/or IgA), according to
confirmed case definition by the World Health Organization
(WHO) and/or seroprevalence study (46, 47).
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n=25
(comparable age, sex, COVID-19 severity)
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n=17

4-6 weeks [ =

Acute

- Baseline:

Clinical data on:
o—f - COVID-19:

° Symptoms
° Pneumonia
° Treatments

° IEI
° Comorbidities
° Treatments

SARS-CoV-2 specific:

\?ﬂ ﬁf - Serologies (IgG, M, A)

- ELISpot (S-, N-)

3 months

6 months

o sequelae

Long-term

Clinical data on COVID-19:
o— Persistent symptoms/

Symptoms suggestive of
infection, or positive
microbiological test
Vaccination

SARS-CoV-2 specific:

\?ﬂ ff - Serologies (IgG, M, A)

- ELISpot (S-, N-)

FIGURE 1
Study design.

2.2.2 COVID-19 severity

The COVID-19 clinical severity was based on the WHO criteria
(48). Mild disease for children, adolescents, and adults is considered
for those symptomatic without evidence of viral pneumonia or
hypoxia; moderate disease in adolescents or adults for those with
clinical signs of pneumonia (fever, cough, dyspnea, fast breathing) but
not severe pneumonia (respiratory rate >30breaths/min, severe
respiratory distress, or SpO, <90% on room air); and moderate
disease in children when they had clinical signs of non-severe
pneumonia (cough or difficulty breathing and fast breathing and/or
chest indrawing) but no signs of severe pneumonia (SpO,<90%, very

Frontiers in Immunology

severe chest wall indrawing, grunting, central cyanosis, or presence of
any other general danger sign).

2.2.2 Acute and long-term immune response

The acute immune response was assessed by testing the specific
SARS-CoV-2 serologies and/or ELISpot up to 6 weeks after the
patient had the first positive SARS-CoV-2 specific test (first proven
SARS-CoV-2 infection). This cut-point for acute was based on the
clinical criteria for post-acute COVID-19 syndrome, which is
considered to begin 4 weeks after symptom onset (49).

For the long-term immune response study, serial clinical and
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analytical controls were performed every 3-6 months, up to 12
months after infection.

2.2.3 Inborn error of immunity definition

A patient was considered to be affected by an IEI if he/she had a
confirmed genetic diagnosis of IEI (16) or fulfilled the ESID
(European Society for Immunodeficiencies) Registry diagnostic
criteria (50). IEI groups were assigned, based on the International
Union of Immunological Societies (IUIS), into 10 groups (16).

2.2.4 Healthy control definition

Healthy controls were those without any of the following
conditions: diagnosis of chromosomal disease, cardiac or midline
malformations, oncological, hematological, or immune-related
disease; any type of acute or chronic infection present at the time of
extraction (other than first SARS-CoV-2 infection).

2.3 Clinical data

Data were collected from the medical chart regarding IEI type
based on ESID (European Society for Immunodeficiencies)
classification (50), baseline treatment, and demographic and general
medical data for all participants. In addition, clinical data on SARS-
CoV-2 infection were recorded prospectively for IEI patients and
healthy controls (HC). Participants were asked about persistent
SARS-CoV-2 symptoms/sequelae or newly confirmed SARS-CoV-2
infections or vaccination during the follow-up period.

2.4 Laboratory

Humoral response (serology) was assessed in frozen serum
samples, and cellular response (ELISpot) was assessed in frozen
peripheral blood mononuclear cells. Samples were collected in each
follow-up visit, processed, and frozen in the following 6 hours at -80°
C at the certified biobank of our institution, for further processing in
batches to reduce variability.

2.4.1 SARS-CoV-2 serologies

We used a serological assay based on the Luminex® technique
that has the benefit of a higher dynamic range compared to other
assays, favoring the quantification of immunoglobulin levels. IgG,
IgA, and IgM SARS-CoV-2-specific antibodies were determined by
Luminex system against the receptor-binding domain of the spike
glycoprotein. For 2 hours, 10 uL of serum was incubated with
antigen-coupled beads at room temperature with agitation. After
this, plates were washed 3 times and incubated with a biotinylated
secondary antibody (IgM, IgA, or IgG; Sigma-Aldrich) for 45 minutes
at room temperature with agitation. Plates were washed 3 times, and
streptavidin-R-phycoerythrin (Sigma-Aldrich) was added for 30
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minutes at room temperature with agitation. Plates were then
washed 3 times and beads were re-suspended in phosphate-buffered
saline (PBS). Plates were read using a Luminex xXMAP 100 analyzer;
positive values were assigned with Median Fluorescent Intensity
(MFI) ratio 2 SD higher to a serum pool from pre-COVID
pandemic samples; value =1 was considered to be positive.
Sensitivity more than 10 days after onset of COVID-19 symptoms
was 97% for IgG and 75% for IgM, and 100% specificity for both IgM
and IgG (51, 52) The positive ratios (onwards “Index”: case or control
sample MFI/pre-COVID sample MFI) were also considered for
the analysis.

SARS-CoV-2 specific serologies were evaluated both in patients
who were under immunoglobulin replacement therapy (IgRT) or not,
given the absence of specific antibodies in the IgRT products
administered at least before November 2020 (53), and also having
described in other cohorts under IgRT that the measurement of these
serologies is valid (54).

2.4.2 ELISpot

SARS-CoV-2 specific T cell responses using IFN-y ELISpot and flow
cytometry: 2x10° PBMCs or PBLs was stimulated with PepTivat0r®
SARS-CoV-2 Prot_S and N peptide pools (1 pg/mL, Miltenyi Biotec)
in X-VIVO™ 15 medium supplemented with 10% heat-inactivated AB
serum. Negative control wells lacked peptides, and positive control wells
were incubated with phytohemaglutinin (PHA, 0.5 mg/mL). Cells were
incubated for 72h at 37°C with 5% CO2 in pre-coated anti-IFN-y MSIP
white plates (mAb 1-D1K, Mabtech). Plates were then washed five times
with PBS (Sigma-Aldrich) and incubated for 2h at room temperature
with horseradish peroxidase (HRP)-conjugated anti-IFN-y detection
antibody (1 pg/mL; clone mAb-7B6-1; Mabtech). After a further five
washes with PBS, tetramethylbenzidine (TMB) substrate was added, and
spots were counted using the automated ELISpot Reader System
(Autoimmun Diagnostika GmbH). PBMCs or PBLs after stimulation
were stained for 20 min in the dark at room temperature with anti-CD3,
CD4, and CD8 antibodies to determine T cell populations and antibodies
against different activation markers—CD69, CD154, and CD137—and
then analyzed on an Attune TM NXT cytometer. Data were analyzed
with FlowJo (Tree Star Inc.). Antibodies were purchased from BD
Biosciences-Pharmingen. Results were interpreted according to the
manufacturer’s instructions.

2.5 Statistical analysis

Categorical and continuous variables were described as
percentages and median values with ranges (min.-max.). For the
comparative analysis, Chi-square test or Fisher exact test and Mann-
Whitney U test were applied, as appropriate, to the data set. To
objectify the differences of the variables measured in each patient at
the different points of the follow-up, we used the lineal model
(assumed sfericity or Greenhouse-Geisser). For data comparison
Bonferroni adjustment was applied.
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TABLE 1 Baseline features of the IEl infected with SARS-CoV-2.

IEl (n=25)

Age (years)®

14.3 (4.5-22.8)

Male

15/25 (60.0%)

Caucasian

20/25 (80.0%)

IEI

Combined immunodeficiencies (CID)

CID with associated syndromic features

3/25 (12.0%)

12/25 (48.0%)

Predominantly antibody deficiencies

4/25 (16.0%)

Diseases of immune dysregulation

3/25 (12.0%)

Defects of phagocyte number, function, or both

Defects of intrinsic and innate immunity

Treatment

1/25 (4.0%)

2/25 (8.0%)

Antibiotic, antiviral or antifungueal prophylaxis

7125 (28.0%)

IgRT

6/25 (24.0%)

Immunomodulation therapy

Corticosteroids
Ruxolitinib

Dupilumab

5/25 (20.0%)
3/25 (12.0%)
1/25 (4.0%)

1/25 (4.0%)

COVID-19 severity

Mild®
Moderate®
Severe

Clinical symptoms

Fever

21/25 (92.0%)
3/25 (12.0%)
1/25 (4.0%)
13/25 (52.0%)

7125 (28.0%)

Cough

5/25 (20.0%)

Low-grade fever
Odynophagia
Runny nose
Asthenia

Smell and taste loss

3/25 (12.0%)
3/25 (12.0%)
2/25 (8.0%)
2/25 (8.0%)

2/25 (8.0%)

Headache 1/25 (4.0%)
Diarrhea 1/25 (4.0%)
Myalgia 1/25 (4.0%)

Ocular pain
Pneumonia

Hospitalization

1/25 (4.0%)
4/25 (16.0%)

4/25 (16.0%)

COVID-19 treatement

5/25 (20.0%)

Remdesivir

4/25 (16.0%)

Corticosteroids

Antibiotic

Frontiers in Immunology

2/25 (8.0%)
4/25 (16.0%)

(Continued)
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TABLE 1 Continued

IEI (n=25)
Heparin 1/25 (4.0%)
Conventional nasal prongs O, 1/25 (4.0%)
Comorbidities
Respiratory disease 5/25 (20.0%)
Cardiovascular disease 3/25 (12.0%)
Neuropsychological disease 8/25 (32.0%)
Obesity 1/25 (4.0%)
Hemato-oncological disease 1/25 (4.0%)

“Age and follow-up are expressed as median (min.-max.).

One mild case (asymptomatic, no pneumonia in the chest X-ray) was hospitalized because of
the IEI risk (CID) and receive preventive remdesivir for 3 days.

“One moderate case (non-hypoxemic pneumonia) did not require hospital care (P4).

CID, combined immunodeficiency; O2, oxygen; IEI, inborn error of immunity; IgRT,
immunoglobulin replacement treatment.

The analysis was performed using SPSS version 15.0 software
(SPSS Inc., Chicago, IL), and statistical significance was set at p-value
< 0.05.

3 Results

3.1 Description of the IEl and HC cohort,
and SARS-CoV-2 infection

A total of 25 IEI patients were included. Baseline characteristics
and treatments of IEI patients are summarized in Table 1. The
predominant IUIS group of IEI (16) was combined
immunodeficiencies with syndromic features, representing 48%,
followed by predominantly antibody deficiencies (16%). Six patients
were under IgRT and 5 under chronic immunosupressants. Median
age was 14.3 years old (mix-man: 4.5-22.8), with 15/25 males (60.0%).
Although some patients had comorbidities associated with their IEI,
only 4/25 (16.0%) patients had described risk factors associated with
severe COVID-19 in children and young adults (55, 56): Patient 8
(P8) had Down syndrome, P10 had a cyanotic congenital heart
disease, P12 had mild sleep apnea-hypopnea syndrome, and P24
had obesity (BMI >2SD WHO Growth reference median (57)).

Seventeen HC were recruited. Comparing cases and controls, no
differences in age (IEL: median 14.3 years-old, min.-max.: 4.5-22.8;
controls: median 15.3, min.-max.: 4.5-22.8; p=0.5), gender (IEIL: 15/25,
60.0% males; controls: 6/17,35.3% males; p=0.1), or severity (IEL 3/25
hospitalized for pneumonia; controls: 1/17; OR: 2.2, 95% CI: 0.2-22.9;
p=0.52) were found. No HC had risk factors for severe COVID-19 in
children, as opposed to 4/25 in the IEI group (p=0.1).

Data on SARS-CoV-2 infection in the 25 patients are summarized
in Table 1 and Supplementary Table 1. Regarding COVID-19 severity,
21/25 (84.0%) IEI patients had mild infection (12/25, 48% were
asymptomatic). With regards to the 4 patients with risk factors for
severe COVID-19, only one (P24) had severe pneumonia, while the
remaining cases were mild. Thus, only 4 patients had confirmed
pneumonia (P1, P4, P24, P25) (16.0%). P1 was an 8-year-old boy with
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FIGURE 2
Humoral and cellular qualitative and quantitative responses in the acute phase post-SARS-CoV-2 infection. (A) Positive and negative SARS-CoV-2
specific IgG*, IgM™, IgA*, S-, and N-ELISpot are represented in the bars for IEl patients and controls. Panel (B, C) Index averages for SARS-CoV-2 specific
IgG*, IgM™*, IgA* (B) S-, and N-ELISpot (C) are represented in the box-plot diagrams for IEI patients and controls. The box horizontal middle line
represents the median, the box extremes represent lower quartile (Q1) and higher quartile (Q3); maximum and minimum values (without outliers) are
represented by the horizontal lines in the extremes of the whiskers. The individual values between quartile 1 and 3 are represented by dots; the mean is
represented by an “x" symbol. There are two extreme values that are not represented in the box-plot graphic: IgG index for cases: 16.7 (P9); IgA index for
cases: 16.1 (P24). For all panels significance levels are marked as *p < 0.05, **:p < 0.01, ***p < 0.001, ****p < 0.0001, ns: p>0.05.

a combined immunodeficiency (Major Histocompatibility Complex
Class II-MHCII- deficiency, OMIM 603200) who was under chronic
corticosteroid treatment. He developed non-hypoxemic pneumonia,
being treated early after first symptoms with remdesivir. His twin
brother (P2), also affected with MHCII deficiency and under chronic
corticosteroid treatment, was admitted for early remdesivir treatment
when still asymptomatic, and remained without clinical or
radiological signs of pneumonia). Patient (P4), a 13-year-old female
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with PGM3-deficiency (OMIM 172100), suffered non-
hypoxemicpneumonia manifested with self-limited cough and low-
grade fever. A routine thoracic scan was performed a week after this
episode (bilateral diffuse ground-glass opacities suggestive of COVID-
19 pneumonia, and a SARS-CoV-2 screening confirmed the recent
infection: negative SARS-CoV-2 PCR, positive for specific IgA) (19).
Lastly, a 19-year-old-patient with MyD88 deficiency (OMIM 602170)

with obesity (P24) required conventional nasal prongs for 3 days, and
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FIGURE 3
Positive serology and ELISpot indexes in cases and controls during the long-term phase post-SARS-CoV-2 infection. (A) Positive and negative SARS-
CoV-2 specific IgG*, IgM™*, and IgA* are represented in the bars for IEIl patients and controls. Only statistically significant differences are shown
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (B) S-ELISpot index comparison in cases-controls during the long-term period after the infection.
There are two extreme values that are not represented in the box-plot graphic: ELISpot index for a control at 4-6 weeks: 63; ELISpot index at
6 months for P15: 48. (C) N-ELISpot index in cases and controls during the long-term follow-up. For (B, C) the box horizontal middle line represents the
median, the extremes represent lower quartile (Q1) and higher quartile (Q3); maximum and minimum values (without outliers) are represented by the
horizontal lines in the extremes of the whiskers. The individual values between quartile 1 and 3 are represented by dots; the mean is represented by an
“x" symbol. For all panels significance levels are marked as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: p>0.05.
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his sister, 16 years old and affected by the same IEI (P25), had non-
hypoxemic pneumonia (19). No patients with known IFN-I defects
from our cohort were infected before vaccination.

When comparing pneumonia incidence in those with
(1/6) and those without (3/19) IgRT (p=0.7), humoral (0/4) vs
combined immunodeficiency (2/15) (p=0.6) and receiving
immunosuppressive treatment (2/5) or not (2/20) (p=0.2), there
were no significant differences.

Frontiers in Immunology

Regarding COVID-19 sequelae in IEI patients, a 16-year-old
female with an idiopathic CD4" lymphopenia (P3) is under
otorhinolaryngology rehabilitation after 2 years’ persistence of taste
and smell disturbances leading to a significant dietary restriction. In
addition, there was a patient with STAT1 gain-of-function (GOF)
(P21, 15-years-old male) who developed an atypical Guillain-Barre 7
to 9 months after COVID-19 when re-exposed to SARS-CoV-2
infection (but without microbiological confirmation of infection).
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FIGURE 4
Ig index evolution in cases and controls during the long-term phase post-infection. (A-C). IgG, IgM, and IgA index respectively (measured with Luminex
assay) in cases (orange) and controls (green) at 4-6 weeks, and 3, 6 and 9 months after SARS-CoV-2 infection. The box horizontal middle line represents
the median, the extremes represent lower quartile (Q1) and higher quartile (Q3); maximum and minimum values (without outliers) are represented by the
horizontal lines in the extremes of the whiskers. The individual values between quartile 1 and 3 are represented by dots; the mean is represented by an
“x" symbol. For all panels significance levels are marked as *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: p>0.05. In (A) (IgG index) there is an
extreme value that has not been represented at 4-6 weeks for P9, (IgG index 16.7). In (C) (IgA index) there is an extreme value that has not been
represented at 4-6 months after the infection (P24, hypoxemic pneumonia; IgA index 16.1).

He fully recovered after immunomodulatory treatment. The
remaining patients had no sequelae of SARS-CoV-2 infection.
Compared to the non-IEI cohort (comparison detailed in
Supplementary Table 2), the severity and symptoms associated with
COVID-19 were not significantly different, except for higher
prevalence of headache in the non-IEI group (7/17, 41.2%) vs. IEI
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(1/25, 4.0%)(p=0.004; OR 0.06; 95% CI 0.006-0.5). Also, no patient in
the control group reported long-term sequelae.

At least 2 individuals in the IEI cohort were reinfected before
vaccination (P10 and P12: both were 6 years-old and had positive
antigenic test, presenting mild COVID-19). No patient in the HC
group was reinfected. Follow-up of both patients and controls was

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1084630
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Garcla-Garcia et al.

3 months
6 months
9 months
12 months
3 months

10.3389/fimmu.2023.1084630

6 months
9 months
12 months
3 months
6 months
9 months
12 months

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
P15
P16
P17
P18
P19
P20
P21
P22
P23
P24
P25

C1
Cc2
C3
C4
Cs
Co6
c7
Cc8
c9
C10
C11
C12
C13
C14
C15
C16
C17

I4-6 weeks
I 4-6 weeks

SARS-CoV-2 IgG

SARS-CoV-2 IgM

I I4-6 weeks

SARS-CoV-2 IgA

I 16X (positive)

FIGURE 5

stopped as soon as they were reinfected or vaccinated.

3.2 Acute immune responses
to SARS-CoV-2 infection

Regarding serological responses in the acute phase after infection
in IEI patients compared with HC, IgG, IgM, and IgA were positive in
all HC (100%, 14/14), but only positive in about half of IEI patients:
IgG" 58.8% (10/17) (p=0.009); IgM* 41.2% (7/17) (p<0.001); IgA*
52.9% (9/17) (p=0.003) (Figure 2A). In those patients with positive
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. Control (positive)

Patient by patient representation of SARS-CoV-2 positive and negative serologies during the follow-up.

[ Negative [ No data

serology, the Ig index was higher in HC than in IEI patients: IgG index
in IEI (3.1 + 4.4) vs. HC (3.5 + 1.5)(p=0.06); IgM index in IEI (1.9 +
2.4) vs. HC (3.9 + 2.4) (p=0.007); IgA index in IEI (3.3 + 4.7) vs. HC
(4.6 + 2.5) (p=0.04) (Figure 2B).

As for the ELISpot, it could be performed in 13 HC, and only in
12/25 IEI patients. There were 13 patients in the IEI cohort that could
not be analyzed for the following reasons: 3 patients were recruited
after passing the acute-phase period, 4 patients had insufficient cells
available after thawing to permit the technique to be used (all them
combined immunodeficiencies), and for 6 patients the sample was not
drawn due to technical reasons. Of the remaining 12 IEI patients,
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ELISpot was positive in 5 (41.7%), whereas in HC it was12/13 (92.3%)
(p=0.01), and these differences remained significant if we separately
compared positive specific S-ELISpot (IEI: 3/11, 27.3% vs. HC: 10/11,
90.9%; p=0.008) and positive specific N-ELISpot (IEL 3/9, 33.3% vs.
HC: 11/11, 100%; p=0.002). ELISpot index in IEI patients was
significantly lower for both S-ELISpot (IEL: mean index 3.2 + 5.0 vs.
HC 21.2 £ 17.0; p=0.001) and N-ELISpot (IEL: mean index 9.3 + 16.6
vs. HC: 39.1 + 23.7; p=0.004) (Figure 2C).

3.3 Long-term immune responses to SARS-
CoV-2 infection

SARS-CoV-2-IgM" at 6 months was lower in IEI compared to
controls (3/8, 37.5%; 9/10: 90.0%; p=0.043), but these statistically
significant differences were not maintained at 9 months (4/8, 50.0%
vs. 3/3, 100%; p=0.2), nor were they present at 3 months (9/11, 81.8%
vs. 6/10, 60%; p=0.4). SARS-CoV-2-IgG" and SARS-CoV-2-IgA™
were not statistically different during the follow-up between the two
groups (Figure 3A).

When the Ig index was compared between groups, SARS-CoV-2-
IgG index was not different in IET compared to HC at 3 months (IEI
n=10, 2.8 + 2.0 vs. controls n=11, 2.7 + 1.2; p=0.8), but it was lower
in IEI at 6 months post-infection (IEI n=9, 1.1 + 0.9 vs controls n=10,
2.1 +£0.9; p=0.03). There was also a lower SARS-CoV-2-IgM index in
IET at 3 months (IEI n=10, 1.1 £ 0. vs controls n=11, 2.1 + 0.8; p=0.01)
and 6 months (IEI n=9, 1.3 £ 1.5 vs controls n=10, 2.9 + 2.8; p=0.02).
For SARS-CoV-2-IgA index it was lower at 3 and 6 months in IEI, but
this was only statistically significant at 6 months (IEI n=9, 0.6 + 0.5 vs
controls=10, 1.7 + 0.8; p=0.002). At 9 months SARS-CoV-2-IgG
index for the available IEI (n=8, 0.9 + 0.6) was lower than that for
controls (n=3, 2.2 + 1.1; p=0.048). However, there were no statistically
significant differences for IgM or IgA at 9 months. These data are
represented in Figure 4.

Lastly, comparing the loss of the positive serology index from the
first 6 weeks up to 6 months after the infection (not enough data were
available to perform the statistical analysis at 9 months), in both cases
and controls the trend of decrease of the IgG, IgM, and IgA index was
significant from 4-6 weeks to 3 months and from 3 to 6 months after
infection in each group. When comparing across groups, although the
HC had a higher index than IEI, the intensity of the drop in the positive
Ig index over time was not statistically different when comparing 4-6
weeks to 3 months and 3 to 6 months (Figure 3A). Nevertheless,
qualitatively, we observed that the loss of positive serologies in the cases
tended to occur earlier than in controls (Figure 5).

Cellular responses assessed by positive ELISpot were lower in IEI
patients at 3 and 6 months when compared to HC (3 months: IEI
60.0% vs. HC 90.9% (p=0.2); 6 months: IEI 50.0% vs. HC 87.5%
(p=0.2)), without reaching statistical significance, even when S- and
N-ELISpot were analyzed separately. When comparing the index of
decrease over time (both S- and N-ELISpot) there were no statistically
significant differences across groups, at 3, 6, or 9 months after the
infection. (Figures 3B, C). At 6 to 9 months’ follow-up, insufficient
results were available to enable this comparison.
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3.4 Immune responses to SARS-CoV-2
infection according to the type of IEl
and IgRT

We then compared the immune responses of IEI patients who
were with IgRT [n=6; median age 8.5 years old (min.-max.: 6.8-
19.4)] and those without IgRT (n=19; median age 14.8 years old
[min.-max.: 4.5-22.8)] (p=0.07). SARS-CoV-2-IgG", -IgM", and
IgA" at each analyzed time point after the infection showed no
statistically significant differences between the two groups. IgG and
IgM index at each time point (acute and long-term period) was
higher for non-IgRT patients than IgRT, without reaching statistical
significance. As for IgA index at 4-6 weeks after infection, non-IgRT
patients had a higher index than patients on IgRT (n=14, average
range 10.5 vs n=3, average range 2.0; p=0.008). As observed in
IgG and IgM, IgA index during the long-term period was higher
in non-IgRT, without reaching statistical significance. Regarding
ELISpot positivity, there were no statistically significant differences
between the two groups. Unlike serology index, S- and N-ELISpot
index in patients under IgRT tended to have similar or even higher
values compared to non-IgRT patients, without reaching
statistical significance.

When comparing combined immunodeficiency (n=15; median
age 11.6 years old; min.-max.: 4.5-19.4) and predominantly antibody
immunodeficiency (n=4; median age 15.3 years old; min.-max.: 8.1-
7.7) (p=0.4), there were no statistically significant differences, either in
humoral or in cellular immune responses in the acute or long-term
period. Nor did comparison of the patients with (n=5) and those
without immunosupressant treatment (n=25) show statistically
significant differences in immune responses (data not shown).

4 Discussion

Currently, limited data on clinical evolution and specific immune
responses to SARS-CoV-2 are available in pediatric IEI. Our results
revealed that, from the clinical perspective, IEI have higher
pneumonia incidence than age-matched general population. In the
acute phase, both humoral and cellular immune responses were
weaker compared to our healthy cohort. In the long-term, a trend
to a greater decay in immune responses was observed in IEI patients
compared to controls, but these differences did not reach statistical
significance, probably due to the limited data available. IgRT had no
impact on COVID-19 outcome or on immune responses.

Due to the fact that our HC were recruited intentionally with the
same severity as IEI cases, we could not compare clinical outcomes
between the two groups. Therefore, published series of COVID-19 in
healthy children were used (7): our cohort of children and young
adults with IEI had higher hospitalization and pneumonia rates (both:
4/25, 16.0%) compared to age-matched healthy population (both:
6.1%) (p=0.0496; OR 2.9 95% CI 1.0-8.5). However, pneumonia
severity was comparable between the two groups (moderate
pneumonia: IEI 8% vs non-IEI 5.3%, p=0.5; OR 0.6, 95% CI 0.1-2.7;
severe and critical pneumonia: IEI 4% vs non-IEI 0.8%, p=0.12; OR
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0.2, 95% CI 0.03-1.5). Our results are consistent with those reported
by other comparable pediatric IEI cohorts such as Giardino et al.:
5.7% hospitalization rate, predominantly (26%) 22qll deletion
syndrome, but with a lower mortality rate than other pediatric IEI
cohorts with predominantly SCID and primary hemophagocytic
syndrome (25, 32, 58). Meyts et al. reported older IEI patients
(predominantly antibody deficiency) that were more severe
compared to our cohort (63% pneumonia, 33% hypoxemic
pneumonia) (24), pointing up the influence of age and
comorbidities as risk factors for severe COVID-19. As for acute
symptoms reported by IEI patients compared to our HC with
similar COVID-19 severity, there were no significant differences
with the exception of greater incidence of headache in HC.

When analyzing the underlying IEI in the subgroup of patients
suffering from COVID-19 pneumonia, we saw that two had a
combined immunodeficiency (P1: MHCII-deficiency; P4: PGM3-
deficiency), a form of IEI that has been reported as a risk factor for
severe COVID- (24, 25, 27, 58). In addition, P4 was under dupilumab
treatment, which has been described as protective for severe COVID-19
in non-IEI patients with atopic dermatitis (59). It may be, then, that
dupilumab attenuated the natural course of COVID-19 disease in the
patient, whose pneumonia was mild (ambulatory) and almost
unnoticed. On the other hand, both P1 and his brother P2 were
under long-term corticosteroid treatment, which may have increased
the risk of severe COVID-19 (60): fortunately, they were treated early
with remdesivir (61). Recent studies have shown that remdesivir
administered within the first 7 days of SARS-CoV-2 infection
provides higher odds for discharge and lower for intubation (61).
Additionally, unexpectedly, a hypoxemic (P24) and non-hypoxemic
pneumonia (P25) occurred in two siblings with MyD88-deficiency, an
IEI that has not classically been associated with viral susceptibility (62).

Taste and smell disturbances are commonly described as COVID-
19 post-acute sequelae (63) even in population under 21 years old,
and these can last for 2 years after acute infection (64). In adults, this
has been associated with chronic systemic conditions (65-67), and
correlated with particular acute COVID-19 symptoms (68).
Nevertheless, the precise etiopathogenesis of this disorder is still
elusive (69, 70). Some IEI seem to be prone to long-term symptoms
(71) such as XLA or other B-cell disorders, but the prevalence of taste
and smell disturbances is not established in IEI. The patient with
idiopathic CD4" deficiency who presented chronic smell and taste
disturbances (P3) developed a T-cell response (N-ELISpot) which
remained positive with a high index value 6 months after acute
infection. Lower inflammatory responses to SARS-CoV-2 infection
have been related to dysgeusia and dysosmia (72), but no specific
correlation with the characteristics of specific cellular responses has
been reported. The post-COVID-19 Guillain-Barre case is more
controversial. P21 (STAT1 GOF, 15 years-old) developed an
atypical Guillain-Barre 9 months after testing positive for SARS-
CoV-2. The impact of COVID-19 in Guillain-Barre incidence seems
to be lower than with other infections and usually appears up to 2
months after acute infection (73-75). In our patient, all typical
infectious triggers were ruled out (including herpes-virus), and no
other trigger (including vaccination) could be identified. Thus, the
role of SARS-CoV-2 infection in Guillain-Barre in this particular
patient remains uncertain.
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The comparisons between IEI subgroups (IgRT -which is
associated to humoral immunity impairment-, immunosuppressive
treatment, or cellular vs. humoral immunodeficiencies) did not show
differences in the COVID-19 severity. These are factors commonly
associated with worse outcomes (17, 24-26). The absence of
detectable differences in our cohort could be ascribed to the limited
samples size or to the young age of the patients, as being young age is
a major protective factor for severe COVID-19 (2).

Regarding the acute immune response (up to 6 weeks after
COVID-19), specific serologies (IgG, A, M) were qualitatively lower
in IEI patients than in HC. For the quantitative results (index) IgG,
IgM, and IgA were also lower in IEI, although no statistically
significant differences for the IgG index were observed. This is not
surprising since >50% of IEI patients in our cohort suffered from a
humoral or combined underlying immunodeficiency. This may mean
that the immediate protection against a reinfection is weaker in such
patients with lower levels of seroprotection, not only for IgG but also
for IgM, whose role in protecting against reinfection or cross-
reactivity against other SARS-CoV-2 variants has been described
(76). Nevertheless, and prior to vaccination, only 2 patients were
reinfected. In contrast, positive seroconversion has been described in
adult IEI patients with and without humoral defects after acute
infection, with higher rates (86.7%) (77) vs. over 50% in our IEI
patients. Compared to vaccine responses in IEI, specific serology
positivity rates were lower in our IEI cohort after infection than those
reported in IEI cohorts after 2 doses of RNA vaccine (78). This
reinforces the advisability of vaccination in IEI patients, despite
SARS-CoV-2 infection, although the role of humoral response is
not fully defined for COVID-19 (79, 80), but seems important for
certain IEI (e.g. CVID) (17).

Acute T-cell responses were also lower for S- and N-ELISpot in
IEI patients, both quantitatively and qualitatively, compared to HC.
This is consistent with another series that compared pediatric IEI
response to non-IEI (37). Currently the clinical impact of these results
is uncertain, and it is also unclear whether robust cellular responses
can prevent severe disease progression during the acute phase of
infection, or whether other factors may play a major role in this early
phase (43, 81-86). Indeed, the two sicker patients in our cohort had a
defect in innate immunity (MyD88 deficiency). These results point to
the relevance of innate immunity in the acute control of SARS-CoV-2
infection (84).

Long-term immune responses in IEI were lower than in HC for
specific serologies at 3 and 6 months after infection, which could
suggests a major risk of reinfection (76) and reduced effectiveness of
vaccines (35). Nevertheless, approximately 50% of the patients
remained positive. This is consistent with other cohorts (adults with
IEI) that have reported ‘high’ specific anti-spike antibody production
(68.8%) at 1 to 7 months after SARS-CoV-2 infection (18), even in
CVID patients.

As for T-cell responses, they were present in 50% and 87.5% of IEI
patients at 6 and 9 months post-infection, respectively. At 6 months,
they were lower compared with HC, without reaching statistical
significance. Dowell et al. reported 84% of specific cellular
responses at 6 months after infection in children (12), while 44%
was reported by Kaaijk et al. at ten months after infection (84), and in
47.8% in = 6 years old at 6-7 months after infection (12, 15). This last
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figure is rather similar to the values in our IEI cohort. Other series
have consistently shown detectable T-cell responses in adult patients
with primary and secondary antibody deficiency (81, 87-89).
However, studies in larger cohorts of IEI patients are needed to
learn about the duration and quality of the long-term immune
responses, in order to calculate the reinfection risk and optimal
vaccination schedule for these patients (34, 90).

The strengths of the study are: first, the sample size of pediatric IEI
infected patients, taking into account the low incidence of IEI in the
general population (16); second, the effort to recruit a matched healthy
population for age, gender and severity of the disease, to enable
immune responses comparisons; and third, the long follow-up period
for the study of the long-term immune responses, which play a major
role in vaccination programs. The limitations of the study are those
inherent to sampling low volume of blood in pediatric patients and low
cellularity in some IEI, increased by the use of frozen samples, all

negatively impacting ELISpot results. Lastly, patients were lost during
the follow-up because of reinfection or vaccination. In this regard, an
asymptomatic reinfection could have occurred during follow-up
impacting the positivization of serological and/or cellular results.

In conclusion, our pediatric and young adult cohort with IEI have a
higher incidence of pneumonia compared to the general age-range
population. Acute humoral and cellular responses against SARS-CoV-2
in IEI patients were qualitatively and quantitatively weaker compared
to HC matched by age and severity. Our IEI cohort also had a lower
humoral response after infection compared to the response reported in
IET patients after full SARS-CoV-2 vaccination (78). Long-term
humoral and cellular responses were detectable in almost 50% of IEI
patients at 6 months following infection, but specific IgG index at 6
months post-infection was decreased compared to HC.
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